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Much attention has been given to the problem of interlayer exchange couplings in multilayered films, especially multilayers consisting of half metallic full-Heusler alloys that have exhibited interesting results. Ambrose et al. 1 reported that, in Co 2 MnGe(CMG)/V/CMG and CMG/Mn/CMG trilayers, the magnetizations of two CMG layers couple at 90° to each other, while the CMG/Cr/CMG films exhibited no significant coupling. Recently, Wang el al. 2 showed that (001) epitaxial Co 2 MnSi(CMS)/Cr/CMS films show very strong 90° interlayer exchange couplings.
Namely, when the energy of the exchange coupling is expressed by,
where θ is the relative angle between the magnetization directions of the two layers, the biquadratic term J 2 is dominant while the bilinear term J 1 , which gives antiparallel couplings, is negligibly small. As well known, antiparallel couplings have been widely observed in similar systems with a Cr spacer layer, like Fe/Cr/Fe [3] [4] [5] . The mechanism of such strong 90° coupling is still unclear. It is of much interest to see if such a property is observed commonly in Heusler alloys or half metals, since half metallic properties of CMS have been shown theoretically [6] [7] [8] and by tunneling magnetoresistance (TMR) of magnetic tunneling junctions (MTJ) consisting of CMS 9 . To obtain further insight, we have examined trilayers consisting of a Heusler alloy Co 2 FeAl 0.5 Si 0.5 (CFAS). The half-metallic nature of CFAS was predicted theoretically. 10, 11 Also experimentally, it has been shown that CFAS has high spin polarization. 12, 13 In this work, magnetic properties were examined for the trilayer structure of CFAS/Cr/CFAS.
Multilayered structures with CFAS Heusler alloy were grown by dc magnetron sputtering in an ultrahigh vacuum system with the base pressure lower than 5×10 -7 Pa.
The films were deposited upon MgO (001) single crystalline substrates and thermally The structure of the films was examined by x-ray diffraction (XRD) with the Cu-Kα radiation using a 4-axis diffractometer recorded at room temperature and transmission electron microscopy (TEM). Magnetization curves were recorded at room temperature (RT) using a vibrating sample magnetometer (VSM) with a magnetic field applied in the film plane. For epitaxial films prepared on MgO (001), a magnetic field was applied in the direction parallel to the [110] axis of CFAS, the easy direction.
Full-Heusler alloy has the composition of X 2 YZ in the L2 1 ordered structure.
However, the partially disordered B2 phase with the mixing of Y and Z and the totally disordered A2 phase with the bcc structure also exist. In the samples in Fig 4(b) , the bottom CFAS layer was annealed at 673 K with the same stacking as those in Fig. 4(a) . The values of M R /M S are mostly the same for the both substrates MgO and SiO 2 . Thus, the interlayer couplings are qualitatively unchanged by annealing. We find, however, the increase of the saturation field H S by
annealing. In the case of the sample on MgO, H S increases from 250 Oe to 430 Oe, indicating that the biquadratic coupling was enhanced by annealing the CFAS layer.
The coupling constant J 2 in Eq. (1) was estimated to be -0.08 erg/cm 2 from H S . The value is to be compared to -1.8 erg/cm 2 obtained in the CMS/Cr/CMS system. 2 The increase of H S from 500 Oe to 800 Oe was also observed in the samples on SiO 2 by annealing, suggesting the enhancement of the coupling. In the sample shown in Fig 4(c) , 
